Negative ion resonance measurements in the autoionising region of helium measured across the complete angular scattering range (0180 degrees).
the complete angular range (0-180°) using a magnetic angle changer (MAC) with a soft-iron core. The convergent close-coupling method has been used to calculate the cross sections, with the underlying complexity of the problem not yet being able to be fully resolved. Agreement between the present experimental data and previous experimental data is good, with these excitation functions confirming the presence of an unusual (2s 2 2p) 
Introduction
Negative ion resonances, also known as compound states or temporary negative ions, have been investigated both theoretically and experimentally, for almost 50 years [1] . Both the resonances themselves, and the electron correlations which govern their behaviour, are important factors in a broad range of fields, including superconductivity [2] and plasma physics [3] , properties of graphene [4] , fullerene [5] , carbon nanotubes [6] and polymers [7] , atmospheric physics [8] , astrophysics [9] and as part of interactions involving proteins and DNA [10] .
The theoretical challenges of modelling negative ion resonances are significant due to the sensitivity of such states to the effects of electron correlation [11] and therefore progress in this area is of general benefit both to the fields outlined above, and in understanding the characteristics of atomic systems and how they interact. Helium provides the prototypical example both of triply excited negative ion resonances and more broadly of weakly bound multi-electron resonances in general. Studies of helium both experimentally and theoretically enable models to be tested and intrinsic properties of general behaviour to be identified.
Multi-electron negative ion resonances present a particular challenge to theoretical and computational modelling as the Coulomb attraction is weaker than in neutral or positive ion resonances (compared with the inter-electronic repulsion) and so a clear solution based on
Hartree-Fock or Multi-Configurational Hartree Fock calculations is both less likely, and where possible, less well defined [12] . Specifically to the present study, the theoretical challenge is quite substantial due to the conflicting nature of the ground state, which requires short-ranged correlations, and the autoionizing states, which require long-ranged functions for their accurate description. As part of this work we show that this remains an as yet unresolved challenge, at least for the convergent close-coupling theory [13] .
The theoretical principles governing negative ion resonance formation were developed primarily from the work of Fano [14, 15] . The key reviews of progress in this field by Schulz in 1973 [16] and Buckman and Clark in 1994 [17] identify several theoretical concepts which are of relevance to this paper, namely: the determination of type 1 and type 2 resonances [18, 19] ; the evaluation of q values from experiments [20] ; a reformulation of the Fano profiles into a more convenient parameterisation [21] ; and the treatment of broadened profiles [22,] .
Negative ion resonance measurements in the autoionising region of helium measured across the complete angular scattering range (0°-180°).
Experimentally triply excited negative ion states were first observed by Kuyatt et al. in 1965 [23] and classified by Fano and Cooper the same year [15] . Further theoretical and experimental results have been published since by Burrow and Schulz [24] , Grissom et al.
[ [40] . These results are presented in Table 1 to Table 3 and discussed in comparison with the current work in the results and discussion section. This aim of this work therefore is to confirm the correct structures for these contested resonances by comparing the current experimental results to the work of Trantham et al. [40] and by considering the theoretical configurations proposed by Morishita and Lin [44] . The work also provides an opportunity to check for the unusual resonance behaviour seen in the previous experimental work by Trantham et al. , and where possible to theoretically model these resonances. Finally the work provides both resonance cross-section and resonant ratio data for these resonance states across the full angular range for the first time, including a limited comparison with the CCC theory.
Resonance Theory
The Fano profile [14] (see Equation 1 ) is based on the interference between discrete and continuous wavefunctions. In the present work on negative ions the two interfering processes are the direct excitation of the n = 2 singly excited states of helium and their excitation via decay of a negative ion.
The Fano profile has been used in several forms by different authors [21, 22] . In the current work the formulation by Shore, also known as the Shore Profile, has been adopted (see Equation 2 ).
In Equation 1 σ(E,θ) is the cross section profile, σ a is the resonant cross section, σ b is the background cross section, q is the line shape parameter and ε is the scaled energy departure from resonance. In Equation 2 again σ(E,θ) is the cross section profile, C(E) is the background signal, B and A are the symmetric and asymmetric components of the line shape, Γ is the width of the state and E 0 is the resonance energy. The line shape parameter q in From Equations 1 and 2 it can also be shown that ε is simply the energy departure from resonance (E-E 0 ) scaled by the half-width (Γ/2) as shown in Equation 5.
The autoionising region of helium contains a number of doubly excited autoionising states and several negative ion states as shown in 
when energy is exchanged, via a Coulomb interaction, between scattered and ejected electrons from the decay of an autoionising state. For this reason singly excited n=2 decay channels (2 3 S, 2 1 S, 2 3 P, 2 1 P), which are unlikely to have this difficulty [40] , were chosen for this study.
A further benefit of choosing these channels was their relatively high signal strengths, enabling sufficient data to be collected in a reasonable time. 25-l Laguerre basis functions with the exponential fall off being four for l<=3, and then using the resulting orbitals to construct appropriately symmetrised configurations for diagonalising the He Hamiltonian. We keep all configurations that have the 1s, 2s, 2p, and 3p as the inner orbitals, and also 1snl configurations for the He excited states and the continuum. A total of 164 target states have been generated, and used to expand the total e-He wavefunction. The
close-coupling equations are formed in momentum space, and solved directly for the scattering amplitudes upon partial wave expansion [13] , at every projectile energy considered.
Resonance configurations
Three resonance configurations have been postulated for the negative ion resonances under investigation. The first arrangement, proposed by Morishita and Lin [44] , involves a doubly charged helium core surrounded by three electrons equidistant from the core and each other.
This model uses a hyperspherical coordinate system with the energy differences between states resulting from rotational excitations. The lack of electron coupling in this arrangement leads to equal decay propensities for each electron. The two other possible arrangements involve a pair of coupled electrons. In the first of these, the coupled electrons are external to a singly charged core (doubly charged core plus inner electron), and the second consists of the reciprocal arrangement of a pair of coupled electrons close to the core orbited by a distant single electron, which experiences a weak attractive potential. The latter two arrangements preferentially decay to specific channels. The resonant structure for both the resonances under consideration can therefore be deduced by measuring decay propensities across the angular range.
The (2s 2 2p) 2 P resonance has two possible arrangements of electrons, [2s(2s2p) 3 P] 2 P and
2 P is correct the decay to 1s2p levels would result from one 2s electron decaying to 1s and the second 2s electron being ejected. The spin alignment of the remaining electrons (1s and 2p) is therefore arbitrary as the choice of which 2s electron is ejected is random. The decay to 1s2s levels is more complex. The decay can take place via two mechanisms: decay of one 2s electron and ejection of the 2p electron; or decay of the 2p electron to a 1s state and the transfer of one unit of angular momentum to a 2s electron which is then ejected as a p-wave electron. The latter dipole transition is less likely. The dominant monopole transition leaves the two s electrons which were previously coupled, and as these have opposite spin due to the exclusion principle the monopole transition will result in purely Negative ion resonance measurements in the autoionising region of helium measured across the complete angular scattering range (0°-180°).
In summary an equidistant model will result in no difference in decay propensities, a resonance structure with coupled electrons of the same angular momentum will favour singlet state decays, and a resonance structure where coupled electrons have different angular momentum will favour triplet state decays. Therefore by measuring at these angles and comparing decay propensities in the singlet and triplet channels of the allowed transitions, the structure of the negative ion resonances can be deduced. Further measurements at low and high angles provide additional insight into the behaviour of these resonances.
Apparatus and experimental procedures
Measurements of electron angular distributions in atomic and molecular physics have used various experimental configurations. A recent approach has been the adoption of the 'magnetic angle-changing technique' [45] . This technique produces a localized magnetic field, within the interaction region, thereby enabling controlled deflection of the electron trajectories. The first practical MAC devices, constructed at Manchester, were limited to low electron energies, below about 20 eV. This was due to the heat produced by the solenoid currents in the MAC and the need to dissipate this heat in an evacuated experimental chamber.
One solution to this problem, developed by Cubric et al. [46] , is to incorporate a soft-iron core within the solenoids of the MAC. This significantly increases the magnetic field in the device, and hence greatly extends the range of electron energies that can be used. The present measurements involve higher electron energies, and hence the MAC described by Cubric et al [46] has been used. It is shown schematically in Figure 1 . It uses two pairs of solenoids and appropriate currents flowing in opposite directions, so that the magnetic dipole moment of the MAC is zero. This, together with zero or minimal contributions from higher magnetic moments, ensures that the magnetic field has negligible effect on the operation of the electron spectrometer used in the measurements. The ferromagnetic material used for the MAC is soft iron with a magnetic permeability of approximately 1000. The magnetic hysteresis curve for soft iron is very narrow. Therefore it can be considered as a linear magnetic material, enabling currents to be applied without residual fields being generated within the angle changer.
The magnetic field produced by the MAC has been measured and the results are plotted in Figure 1 for a current of 1 A through the inner solenoids and a current of -0.772 A through the outer solenoids. As can be seen, the magnetic field is localized and changes its direction at a distance of about 12 mm from the central axis. Also shown in Figure 2 is the magnetic field variation from a comparable MAC without an iron core (which has been multiplied by a factor of 5). The magnetic field produced by the solenoids can also be calculated, using the following equation:
where R is solenoid radius and z and ρ are cylindrical polar coordinates representing respectively the axial and radial distances to the coil centre. The resulting magnetic field is due to the contributions from both solenoids. When a charged particle, of kinetic energy E, moves through a magnetic field B, it experiences a deflection proportional to B 2 /E. Hence, by increasing the magnetic field by a factor of 5, using a soft-iron core, the device becomes capable of handling electron energies 25 times larger than the device without the iron core.
The action of the MAC for inelastic electron scattering is illustrated in Figure 3 . The
deflection from the MAC is proportional to energy and therefore the incident beam For the present measurements, the MAC was operated in the following way. In this procedure, care was taken to ensure that any background contributions were taken into account. These background contributions could arise from electrons scattering off residual gas in the experimental chamber or surfaces close to the interaction region. The decay channels 2 3 S, 2 1 S, 2 3 P and 2 1 P were scanned over the energy range 56 to 59 eV, with the duration of the scans varied from approximately 70 hours to 100 hours due to differences in signal strength. The detector was placed at 90º to the electron beam, with a current of ±0.29A
applied to the solenoids of the magnetic angle changer to deflect the beam by 90º enabling a 180º scan with forward inelastic scattering separated from the incident beam. Data was obtained at 11 angles from 0º to 180º.
Once data was obtained, this was normalised against a known cross section, to calculate the differential cross section values. This technique has been used successfully previously to demonstrate independent agreement between a range of experimental and advanced theoretical models [47] . In this study the differential cross section of the 2 1 P state was chosen as the reference using values obtained using the converging close-coupling method [48] . By comparing the theoretical curves for the 2 1 P differential cross section with the measured electron intensities, the transmission of the electron energy analyser, as a function of scattering angle, could be determined for each value of incident electron energy. These transmission functions were then applied to the scattering data for the remaining states (2 3 P, 2 1 S, 2 3 S) to obtain the differential cross sections. The resonant cross section measurements could then be calculated from these differential cross sections. All measurements were obtained under identical conditions of gas flow in the interaction region.
Results and discussion
For the sake of brevity the current measurements are only presented for the angles of 16°, 54º, [33] whose widths appear extremely small. Gosselin [37] and Quéméner [28] both agree well with the current measurements.
At 16º there are some small differences between the current work and Trantham et al. [40] .
Background variation across the energy range in the current measurements meant the relatively strong decay of the (2s 2 2p) 2 P resonance to the 2 1 P channel, which is seen in both the current work and Trantham et al. (see Figure 4) , remains unresolved. A small resonance profile in the 2 3 P channel for the (2s2p 2 ) 2 D resonance in the measurements of Trantham et al. [40] is absent in the current work, though a similar structure in the 2 1 P channel is present in both sets of measurements. Apart from these differences in the 1s2p levels the remaining profiles were generally in very good agreement, with line shapes being only marginally different.
At 54º there is very good agreement with Trantham et al. [40] . The only significant difference between the data is the inability to resolve a possible (2s2p Negative ion resonance measurements in the autoionising region of helium measured across the complete angular scattering range (0°-180°).
channel. As can be seen from Figure 6 Negative ion resonance measurements in the autoionising region of helium measured across the complete angular scattering range (0°-180°). data at the remaining angles studied enables the resonance behaviour across the angular range to be summarised.
Variations in resonance shapes
In the 2 1 P channel, the (2s 2 2p) 2 P resonance oscillates from an asymmetric shape with a low energy peak, to a symmetric peak, to an asymmetric shape with a high energy peak, to a symmetric dip, to an asymmetric shape with a low energy peak through the progression from 0º to 180º . This is the only channel in which the line shape is similar at 0º and 180º. The (2s2p   2   ) 2 D resonance is in general very weak in the 2 1 P channel, and is only resolvable at 0º and 90º. At 0º it is a symmetric dip, and at 90º it is an asymmetric shape with a high energy peak.
In the 2 3 P channel, the (2s 2 2p) 2 P resonance does not show the same line shape at 0º and 180º
with the profile progressing from an asymmetric shape with a high energy peak, to a symmetric dip, to an asymmetric shape with a low energy peak, to a symmetric peak through the progression from 0º to 180º. Again the (2s2p 2 ) 2 D resonance is in general very weak in the 2 3 P channel, and is only resolvable at 54º, where it is a symmetric dip, and at 90º where it is an asymmetric shape with a low energy peak.
In the 2 1 S channel, the (2s 2 2p) 2 P resonance displays an unusual progression with angle in the 2 1 S channel, though it is unclear why this should occur. It progresses from a symmetric dip, to an asymmetric shape with a low energy peak, to a symmetric peak, to a symmetric dip, to an asymmetric shape with a low energy peak, to a symmetric dip, to an asymmetric shape with a low energy peak through the progression from 0º to 180º. The (2s2p   2   ) 2 D resonance is far more pronounced in both the 1s2s channels. In the 2 1 S channel the (2s2p 2 ) 2 D resonance progresses from an asymmetric shape with a low energy peak, to a symmetric dip, to an asymmetric shape with a low energy peak, to a symmetric dip, to an asymmetric shape with a high energy peak through the progression from 0º to 180º.
In the 2 3 S channel, the (2s 2 2p) 2 P resonance progresses from an asymmetric shape with a high energy peak, to a symmetric peak through the progression from 0º to 180º. The (2s2p 2 ) 2 D resonance progresses from an asymmetric shape with a high energy peak, to a symmetric peak, to an asymmetric shape with a low energy peak through the progression from 0º to 180º. Table 4 and Table 5 respectively. From the values calculated from the experimental data it is clear that in most circumstances very few electrons are involved in resonance behaviour. Of the 37 values stated in Table 4 only 8 values are above 10% and only 4 values above 50%.
Resonance cross sections for the (2s
The most striking feature is the almost pure resonant behaviour of electrons detected in the 2 3 P channel at 54°. This channel also accounts for the entire decay from the (2s2p 2 ) 2 D resonance at this angle. Another significant feature is the 2 3 S decay of the (2s2p 2 ) 2 D
resonance at 180° where a large amount of the detected electrons have resonated.
At 90° the 2 1 S decay from the (2s2p 2 ) 2 D resonance is given no value as it has proved impossible to fit the data, though the presence of a signal, as seen in Figure 6, resonance highly favours detachment of the non-coupled p electron when decaying to the 1s2p level, a factor which would be difficult to reconcile if an alternative structure were correct.
Conclusions
The 2s Negative ion resonance measurements in the autoionising region of helium measured across the complete angular scattering range (0°-180°). .The smooth curve without circles represents the magnetic field variation for a MAC without an iron core, scaled up by a factor of 5.
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